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The reductton of ubrqumone-5 (Ql) by the phagocytosn-specific NADPH oxidase of gumea pig macro- 
phages was not mhrbrted by superoxide dismutase (SOD) at concentrations usually used for 0; assay but 
was mhrbtted at about lOO-times higher concentratrons Titration of the reaction with SOD and a compan- 
son with that of xanthme oxidase showed that the mhrbition was not due to the semrqumone oxrdatron 
accelerated by a removal of 0; but due to the accelerated rsmutation of 0; which otherwise reduces the 
qumone Molecular oxygens are therefore preferential electron acceptors m the NADPH oxidase even m 
the presence of Q 1 
Gumea pzg macrophage NADPH oxldase NADPH-ubrqumone-5 oxldoreductase Superoxrde amon 
Superoxrde dtsmutase Phorbol ester 
1. INTRODUCTION 
An NADPH oxrdase of phagocytizing 
leukocytes catalyzes the one-electron reductron of 
Oz [l]. Dyes such as DCIP were shown to be re- 
duced by the oxrdase even m the presence of SOD 
and supposed to accept electrons directly from the 
enzyme m the aerobic state, because the concentra- 
tion of SOD used in these experiments was m great 
excess of that inhibiting the reduction of fer- 
ricytochrome c by 02 [2-41. The reduction of Ql 
by the enzyme was not inhibited by usual concen- 
trations of SOD [5]. These findings support the 
idea that flavoprotein and ubiqumone are involved 
in the enzyme system. The reduction of DCIP by 
the enzyme, however, was questioned by Bellavite 
et al. [6] based on the disappearance of activity in 
the anaerobic state. 
* To whom correspondence should be addressed 
Abbrevrattons. Ql, ubrqumone-5, SOD, superoxide 
dismutase, DCIP, 2,6-dichlorophenolindophenol; 
PMA, phorbol 12-myrrstate 13-acetate 
We intended to clarify the definitive role of Ql 
m the reactron catalyzed by the phagocytosis- 
specific NADPH oxidase of macrophages keeping 
in mind two conditions: (1) the oxidase acts under 
aerobic condrtions and should be analysed 
aerobically, and (2) the failure of SOD m m- 
hibrting the apparent activrty of the oxrdase at a 
fixed usual concentration does not necessarily 
mean that 02 is not involved m the reaction, and 
a significant inhibitton does not always mdtcate 
that OF IS the primary product of the reactton [7]. 
2. EXPERIMENTAL 
Elicited macrophages were obtamed from 
peritoneal cavrties of gumea pigs to which mineral 
oil (20 ml/ammal) had been Injected l-5 weeks 
before killing. Simultaneous assays of the 
stimulated activity of the cells and the NADPH ox- 
rdase activity were carrted out at 25% by monitor- 
ing the reductton of cytochrome c [5] or 02 concen- 
tration with a Clark electrode as reported prevrous- 
ly [8]. In the experiment of SOD tnration, 2 ~1 of 
PMA (1 mg/ml), 5 ~1 of 10% (w/v) Renex 30 con- 
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taming 2 M NaN3, SOD, 4 ,ul of 37 5 mM Ql and 
10~1 of 20 mM NADPH were added in this order 
to a suspension containing 3 x lo5 cells, 100yM 
cytochrome c, 17 mM Hepes (pH 7.4), 120 mM 
NaCl, 5 mM KCl, 2 mM MgS04 and 5 mM 
glucose in a final volume of 1 ml. As a model 
system for the productron of Ql semrqumone [9] 
or of Ot , xanthine and xanthme oxidase were used 
with or without 150pM Ql m the same buffer 
SOD (2800-3100 U/mg) and xanthme oxidase 
(0.4 U/mg) were purchased from Sigma (St. 
Lotus, MO) and Boehrmger (Mannheim), respec- 
tively. Ql was a generous gift of Ersar Ltd (Tokyo, 
Japan). 
3 RESULTS AND DISCUSSION 
The reduction of cytochrome c by phagocytosrs- 
specific NADPH oxrdase was inhibited by SOD 
(40 U/ml) but reappeared with addition of Ql 
(150 PM) (fig 1). 02 consumptron mhtbrted by the 
addition of cytochrome c, an electron sink, was 
restored by the addrtron of SOD, but its effect was 
abolished by Ql (frg.2). These results indicate that 
Ql 1s reduced by the oxrdase m the presence of 
SOD at concentrations usually used m the 02 
assay with cytochrome c as an electron acceptor 
151. 
The Ql-dependent reduction of cytochrome c 
was, however, completely mhrbrted by unusually 
high concentratrons of SOD (3000 U/ml), which 
was reflected by the recovery of the 02 consump- 
tion (frg.2, arrow 7). Non-specific mhrbrtron by 
SOD of the oxrdase was not observed at this con- 
centration (frg.2, dotted hne). These results suggest 
that the primary electron acceptor 1s 02 even m the 
presence of Ql, but the apparent mhrbrtron by 
SOD of the Ql reduction does not necessarily 
mean that Ql 1s reduced by 0; SOD could mhrbit 
mduectly the ‘Ql reduction’, namely the electron 
transfer from Ql semrqumone to cytochrome c, by 
accelerating the electron flow from the semr- 
qumone to 02 as has been shown by Wmterbourn 
for other qumones [7] The indirect mhrbltron was 
excluded by the followmg experiments. 
The reduction of cytochrome c by 02 1s m- 
hibrted by SOD according to the equation V/v = 
1 + k,[SOD]/k,[cyt.c] (I’, overall rate; v, mhrblted 
rate, k, rate constants) [lo], whrch was confirmed 
m the reactrons catalyzed by the phagocytosrs- 
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Frg 1 Reductron of cytochrome c by macrophages and 
NADPH-dependent reduction by broken cells m the 
presence and absence of Ql PMA (1 mg/ml) (2~1, 
curve A, no 1) or dlmethyl sulfoxlde (curve B, no I), 
2 5% Renex 30 contammg 1 M NaN3 (10~1, no 2), 
20 mM NADPH (10 yl, no 3), 4000 U/ml SOD (10,~J, 
no 4), 37 5 mM Ql (4~1, no 5) and 300000 U/ml SOD 
(10 ~1, no 6) were added m this order to 0 95 ml of 
macrophage suspension (1 5 x lo5 cells m Hepes-salme) 
contammg 100 nmol cytochrome c The reduction was 
measured at 550-540 nm [5] 
specific NADPH oxrdase and xanthme oxrdase 
(frg.3, dotted line). The equation can be extended 
to the reduction of cytochrome c m the presence of 
Ql as I//v = 1 + k,[SOD]/(k,[cyt.c] + k,[Ql]), on 
the assumption that the semrqumone 1s rapidly ox- 
idized by ferrrcytochrome c. If 02 is the primary 
product of the NADPH oxrdase, the plot of V/v 
against the SOD concentratron 1s expected to give 
a straight hne If Ql semrqumone 1s the primary 
product of the oxidase reaction, the plot should 
comcrde with that of the xanthme oxrdase which 
primarily produces semrqumone [9]. Fig.3 shows 
that the plots of the NADPH oxrdase give straight 
lines m the presence of Ql and are definitely drf- 
ferent from those of the xanthme oxrdase. 
Reciprocals of the relative activities (V/v) at 
4000 U/ml SOD were 10.9 f 0.7 (n = 3) and 5.2 
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Flg.2 Oxygen consumption by macrophages and by 
broken cells m the presence of NADPH, cytochrome c 
and Ql. PMA (1 mg/ml) (0 6 al, curve A, no. 1) or 
drmethyl sulfoxrde (curve B, no.l), 2 5% Renex 30 
containing 1 M NaN3 (3 ,~l, no 2), 20 mM NADPH 
(3 ,ul, no.3), 10 mM cytochrome c (3 pl, no 4), 4000 
U/ml SOD (3~1 no.5), 37 5 mM Ql (1.2~1, no.6) and 
300000 U/ml SOD (3 pl, no 7) were added m this order 
to 0.3 ml of macrophage suspensron (0.9 x lo5 cells m 
Hepes-salme) The dotted lme mdrcates the NADPH 
oxrdase actrvrty of broken cells m the presence or 
absence of 3000 U/ml SOD 
f 0.4 (n = 3) in the NADPH oxidase and in the 
xanthine oxidase reactions, respectively. The k, 
calculated from the titration curves was about 75 
times k, and explains why such high concentrations 
of SOD were required for the inhibition of the Ql 
reduction by the NADPH oxrdase. 
0 02 04 06 
SOD C U/ml) x 10e3 
Fig 3 SOD trtratron curves of the cytochrome c 
reduction by oxrdases m the presence or absence of Q 1. 
NADPH oxrdase of macrophages (0); xanthme oxldase 
(0). SOD concentrations: upper scale, m the presence of 
150,~M Ql (-); lower scale, m the absence of Ql 
(---) 
The hnearity of the plots for the NADPH ox- 
idase m the presence of Ql as well as the clear dif- 
ferences from plots expected for an indirect mhibi- 
tron indicate that the phagocytosis-specific 
NADPH oxidase preferentrally catalyzes the elec- 
tron transfer from NADPH to 02 but not to Ql. 
The involvement of certam qumones in the 
phagocytosis-specific NADPH oxidase [4,1 l] 
should therefore be carefully re-evaluated. 
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